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Scientific journey to the first FDA-approved drug
for eosinophilic esophagitis
Marc E. Rothenberg, MD, PhD Cincinnati, Ohio
When eosinophilia was first associated with esophagitis, it was
thought to reflect gastroesophageal reflux disease, especially
given the efficacy of reflux medications to abate esophageal
eosinophilia in many individuals. Subsequent studies
demonstrated disease remittance with amino acid–based
formulas and conversely induction of esophageal eosinophilia in
mice following allergen challenge. These results, along with the
finding that proton pump inhibitors alleviated esophageal
eosinophilia by an anti-inflammatory mechanism, turned
attention away from an acid-induced pathogenesis and
established eosinophilic esophagitis (EoE) as a separate disease
entity driven by allergic inflammation. The disease
underpinnings were elucidated by analysis of esophageal
transcriptomic profiling, revealing gene signatures orchestrated
by type 2 cytokine signaling, mainly IL-13. Preclinical studies
showed that IL-13 overproduction was sufficient to induce EoE-
like changes in mice and human ex vivo systems and conversely
that inhibiting IL-13 signaling attenuated these processes. An
early proof-of-principle study with a humanized anti–IL-13
mAb in patients with EoE revealed correction of the EoE
transcriptome and attenuation of esophageal eosinophilia,
providing a rationale for advancing anti–type 2 cytokine
therapy for EoE. Dupilumab, a precision therapeutic mAb that
blocks the shared IL-13 and IL-4 receptor, is the first drug to
advance through clinical trials and receive US Food and Drug
Administration approval for EoE. The ability of dupilumab to
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improve clinical, histologic, endoscopic, and molecular features
of EoE and garner US Food and Drug Administration approval
is a victory for science, rare diseases, patients, and advocacy and
provides a framework for developing additional EoE treatments
and approved treatments for eosinophilic gastrointestinal
disease beyond the esophagus. (J Allergy Clin Immunol
2022;150:1325-32.)
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CHALLENGING THE CONVENTIONAL WISDOM
THAT EoE IS NOT ACID REFLUX DISEASE

The main tissue reservoir for eosinophils is the gastrointestinal
tract, yet the esophagus is the only gastrointestinal segment
devoid of eosinophils.1 As such, detection of esophageal eosino-
philia nearly always denotes pathology.2 When I was in training,
the early views were that esophageal eosinophilia was diagnostic
for gastroesophageal reflux disease.3 However, the finding that the
proximal esophagus was prominently involved and the subse-
quent ability of amino acid–based formulas to reduce esophageal
eosinophilia prompted consideration of a nonallergic disease eti-
ology, perhaps involving glucocorticoid-responsive immunologic
hypersensitivity to food.4-7

A definitive role for allergic inflammation in the etiology of
eosinophilic esophagitis (EoE) was supported by our finding that
allergen exposure in mice was sufficient to experimentally induce
an EoE-like response.8 Disease pathology was eotaxin and IL-5
dependent, and an intimate connection between respiratory and
esophageal inflammation was demonstrated. In parallel, clinical
studies suggested the involvement of T cells and IL-5 in human
esophageal biopsy specimens from patients with EoE.9 These col-
lective findings shifted attention away from an acid-induced
mechanism to the role of type 2 immunity.
PRECLINICAL STUDIES DREW ATTENTION TO EoE
BEING MEDIATED BY TYPE 2 IMMUNITY

Our early work demonstrated that intratracheal delivery of IL-
13was sufficient to induce esophageal eosinophilia inmice.10 The
effect of IL-13 was dose and concentration dependent; it involved
a mechanism dependent on STAT6, IL-5, and eotaxin-1 and was
relatively specific, as other cytokines tested (IL-4, IL-9, and IL-
10) did not elicit this response.10 Conversely, we showed that
allergen-induced experimental EoE was attenuated in mice engi-
neered to be deficient in these type 2 cytokines and/or stat6.11

Putting these murine findings together, we then demonstrated
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that a human anti–human IL-13 mAb (CAT-354) could reverse
EoE-like changes induced by human IL-13 in mice.12 CAT-354 is
now approved for atopic dermatitis under the name tralokinu-
mab.13 Furthermore, we discovered that mice genetically engi-
neered to overexpress IL-13 using a lung promoter developed
profound EoE-like changes.14 IL-13 kinetically accumulated in
the esophagus of these mice (following induction of transgene
expression), and over the course of only several weeks, it was
associated with esophageal eosinophilia, epithelial hyperplasia,
collagen deposition, and angiogenesis, features that occur in hu-
man EoE (Fig 1). Interestingly, the effect of IL-13 was so pro-
found that there were visible changes of esophageal edema and
lengthening of the esophageal circumference, reminiscent of the
gross endoscopic findings seen in patients with EoE. Mechanisti-
cally, esophageal eosinophilia was eotaxin-1–dependent, but
interestingly, both eosinophils and eotaxin-1 were dispensable
for the pathologic features of the disease, consistent with
FIG 1. IL-13 transgene–induced esophageal tissue rem
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subsequent studies, which have so far failed to demonstrate clin-
ical benefit of anti-eosinophil therapy in human EoE.15,16 Further-
more, the activity of proton pump inhibitors in EoE was
recognized to work by a mechanism beyond inhibiting acid pro-
duction and instead by a mechanism mediated by its
anti-inflammatory effect, including by inhibiting eotaxin produc-
tion, and it was most recently demonstrated to be mediated by the
aryl hydrocarbon receptor.17-19 Collectively, these studies drew
significant attention to the role of type 2 immunity, particularly
IL-13, in the potential pathoetiology of EoE. Furthermore, these
studies suggested that eosinophils may be a byproduct of the
type 2 immune response rather than a key orchestrator of esoph-
ageal pathobiology. These studies focused attention on the epithe-
lial expression and signaling of the IL-13 receptor, composed of
the type 2 IL-4 receptor (IL-4 receptor a-chain [IL-4Ra] and
IL-13Ra1), and IL-13Ra2, the latter being inhibitory in the
esophagus (Fig 2).14
HUMAN TRANSLATIONAL STUDIES
SUBSTANTIATED THAT IL-13 MAY MEDIATE EoE

EoE provided an opportunity to probe human allergic inflam-
mation at a level not previously achieved, as biopsy specimens
were readily available for research investigation. Prior studies had
primarily researched biologic specimens from a remote tissue (the
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FIG 2. Schematic diagram of IL-4 and IL-13 receptors and the impact of

dupilumab. IL-4 and IL-13 receptors and the effect of dupilumab as an

antibody that blocks IL-4Ra are shown. The IL-4 receptor is composed of 2

transmembrane proteins. IL-4Ra binds IL-4 with high affinity, leading to

dimerization with either the common g-chain (gC) or IL-13Ra1, forming the

type I or type II receptor complex, respectively. IL-13 binds to IL-13Ra1 with

lower affinity, followed by heterodimerization with IL-4Ra to form a high-

affinity complex. IL-13 also binds to IL-13Ra2, which is thought to serve as a

‘‘decoy receptor’’ in the esophagus. The interaction of the receptor

components with the Janus kinase (JAK) signaling molecules is shown.
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blood), difficult-to-obtain bronchoalveolar lavage fluid, or biopsy
specimens from the lung or skin. The ability to safely and
routinely obtain millimeter-sized endoscopic biopsy specimens
from the esophagus, even from children, allowed us to apply early
genome-wide expression profiling technologies to study human
allergic inflammation.20 Computational analysis of more than
50,000 esophageal transcripts identified dysregulated expression
of approximately 1% of the human genome in active biopsy spec-
imens. I was convinced of the value of this approach when our
initial analysis discovered that eotaxin-3, a potent chemoattrac-
tant and activating factor for eosinophils, was the most upregu-
lated gene in the whole human genome in the esophagus of
patients with active disease.20 We were struck by the finding
that the EoE transcriptome was enriched for known IL-13–regu-
lated genes, including eotaxin-3. Using primary esophageal
epithelial cells derived from EoE biopsy specimens (or an immor-
talized esophageal epithelial cell line), we were able to show that
this single cytokine (IL-13) was sufficient to induce a substantial
segment of the EoE transcriptome ex vivo, including eotaxin-3 as
the most strongly upregulated gene.21 IL-13 was sufficient not
only to induce many of the EoE transcripts but also to downregu-
late esophageal epithelial barrier function, including loss of filag-
grin and desmosome genes,21-23 processes that are germane to the
pathoetiology and genetic susceptibility of EoE.24 The ability to
recapitulate the human EoE transcriptome with a single cytokine
(IL-13) and a single cell type (esophageal epithelial cells) pro-
vided the framework for the eventual view that EoE pathogenesis
involved the central interplay of adaptive IL-131 memory T cells
with innate IL-13Ra11epithelial immunity.25,26 Indeed, genome-
wide association studies have revealed that the chief EoE suscep-
tibility loci are located at 2p23 and 5q22, regions that encode for
the key epithelial gene products calpain-14 and thymic stromal
lymphopoietin, respectively.27-30 Calpain-14 is esophageal
specific; it regulates barrier function, and importantly, it is tran-
scriptionally activated by IL-13 at extraordinary levels compara-
ble to the activation levels of eotaxin-3.28,31 Thymic stromal
lymphopoietin is a key pro-atopy alarmin released from breached
epithelial cells and is overproduced in the esophagus of patients
with EoE.27,32,33 Recent single-cell RNA sequencing analysis of
esophageal biopsy specimens, particularly focused on T cells
and mast cells, localized IL-13 production to pathogenic effector
memory IL-51IL-131 CD41 T cells, which also express the free
fatty acid receptor (FFAR3) and GPR15, as well as esophageal
resident mast cells.25,34,35 Furthermore, we have shown that IL-
13 is able to directly mediate other features of EoE in vitro,
including esophageal epithelial cell proliferation, loss of esopha-
geal epithelial differentiation, and profibrotic processes in esoph-
ageal endothelial cells, including loss of tetraspan protein 12
(TSPAN12).21,33,36 These collective human translational findings,
buttressed with the preclinical murine findings, provided substan-
tial evidence for the key role of IL-13 in the development of EoE.
EARLY PROOF-OF-PRINCIPLE CLINICAL TRIAL
WITH ANTI–IL-13 IN HUMANS

To prove the theory that EoE was mediated, at least in part, by
IL-13, I convinced a pharmaceutical company to allow us to study
their humanized anti-human IL-13 mAb (QAX576) in patients
with EoE. In a single-site study, we treated 23 adult patients with
EoE with 3 intravenous doses of QAX576 or placebo over the
course of 3 months.37 Patients treated with the drug had statisti-
cally reduced esophageal eosinophilia and a trend for improved
symptoms, although a non–disease-specific patient-reported
outcome metric was used to measure symptoms (the Mayo
Dysphagia Questionnaire). At the same time, we examined the
EoE transcriptome before and after treatment and were impressed
by the profound reversibility of the molecular markers of the dis-
ease, even 6 months after cessation of drug therapy. This allowed
us to construct a functional map of IL-13–dependent nodes in hu-
manswithin the context of allergic esophageal inflammation. This
map was notably enriched in chemokines, proteases, barrier func-
tion, mast cell signature genes, and tissue remodeling pathways,
which we attributed to IL-13–induced responses (Fig 3). This
relatively small-scale, single-site study, which was carefully
planned to examine key molecular biomarkers, provided the
proof-of-principle that would propel multiple pharmaceutical
companies to pursue larger-scale and eventual registration trials
with their relevant drugs.
KEY PARTNERSHIPS AND ADVOCACY
Motivated by the need to find answers for their children with

eosinophil-associated gastrointestinal diseases, several patient
advocacy groups (PAGs) were formed in the United States; they
included the American Partnership for Eosinophilic Diseases,
Campaign Urging Research for Eosinophilic Diseases, and
Eosinophil Family Coalition. These groups have been essential
in raising awareness about EoE and related eosinophilic diseases,
providing education about these diseases (through their websites,
meetings, and media), raising substantial research funds, and
promoting legislation (such as medical formula insurance
coverage and enactment of National Eosinophil Awareness
Week by the US Congress). Medical researchers, PAGs, and
other key stakeholders in the EoE field were successful in



FIG 3. Human IL-13 networks in the esophagus of patients with EoE. Esophageal biopsy specimens were

probed for a subset of the EoE transcriptome before and after 3 monthly doses of anti–IL-13 (QAX576)

compared with placebo treatment. The anti–IL-13–modified transcripts were subjected to comprehensive

pathway analysis. Protein-protein interactions are shownwith the lines, and functional nodes are identified.

Data are described and adopted with permission.37
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establishing the Consortium of Eosinophilic Gastrointestinal
Disease Researchers, which has been part of the Rare Diseases
Clinical Research Network supported by theNational Institutes of
Health.38,39 Leading clinical investigators, nearly all of whom are
associated with the Consortium of Eosinophilic Gastrointestinal
Disease Researchers, developed key clinical outcome metrics
that have provided clinical trial readiness tools for EoE trials.
These tools included the following: consensus guidelines for
diagnosing EoE (a peak eosinophil count of >_15 cells/hpf)40; vali-
dated symptommeasurement tools, such as the Dysphagia Symp-
tom Questionnaire41,42 and Pediatric EoE Symptom Score43; the
EoE Histology Scoring System, which measures stage and
grade44; a quantitative endoscopy tool, the Endoscopic Reference
Score45; and the EoE Diagnostic Panel, which is composed of 96
transcripts (94 differentially expressed and 2 housekeeping con-
trols) that quantify the EoE transcriptome.46 Engagement and
dialog with the US Food and Drug Administration (FDA), partic-
ularly through the Division of Gastroenterology in the Center for
Drug Evaluation and Research, led to several joint EoE public
meetings, publications, and an FDA guidance document for
EoE drug development.47-50 These collaborative partnerships,
which involved dedicated efforts by diverse stakeholders,
including patients and industry partners, resulted in favorable cir-
cumstances for conducting efficient and focused clinical trials.
LATE-STAGE CLINICAL EoE TRIALS WITH
DUPILUMAB

The first biologic agent approved for allergic diseases was the
anti-IgE antibody omalizumab, whichwas approved for asthma in
2003.51 It took another 12 years for the approval of a new class of
asthma therapies, anti-eosinophil–based therapeutics (mepolizu-
mab, reslizumab, and more recently benralizumab, all of which
markedly deplete eosinophils).52 Early clinical trials with these
original biologic agents (except for benralizumab, which has
not been formally reported) were generally unsuccessful for



FIG 4. Time line of relevant events for FDA approval of dupilumab for EoE. From the discovery of IL-4 in the

1980s to anti-interleukin clinical trials from the late 2000s onward, FDA approval of a drug for EoE has been

decades in the making and the result of basic scientific advances and key partnerships and collaborations.

Cendakimab is an anti–IL-13 antibody, formerly called RPC4046; dupilumab is an anti–IL-4 receptor a-chain

(anti–IL-4Ra) mAb, and IL-4Ra is part of the cell receptor for the cytokine IL-13.APFED, American Partnership

for Eosinophilic Diseases; CEGIR, Consortium of Eosinophilic Gastrointestinal Disease Researchers;

CURED, Campaign Urging Research for Eosinophilic Diseases; DSQ, Dysphagia Symptom Questionnaire;

EFC, Eosinophilic Family Coalition; EREFS, Endoscopic Reference Score; HSS, Histology Scoring System.

Figure generated by Shawna Hottinger using Biorender.
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EoE. Althoughmepolizumab and reslizumab lowered esophageal
eosinophil levels, this effect was modest, and although clinical
symptoms improved, a similar clinical response was seen in the
placebo-treated patients.15,16,53 Notably, these studies were
limited by not including many of the disease-specific clinical
outcome metrics discussed earlier in this article, as they were
not yet developed and/or recognized instruments. These trials,
however, set the stage for researching the potential utility of other
classes of biologic agents for the treatment of EoE.

On the basis of the emerging preclinical, translational, and
genetic data and the readily available clinical outcome metric
tools already discussed, pharmaceutical companies became
enthusiastic to partner with my colleagues and me to conduct
multisite, placebo-controlled trials for patients with EoE. Herein,
I will focus only on dupilumab, although the clinical progress
with another anti–IL-13 antibody, cendakamib, is positive and
promising.54-57 Dupilumab is a VelocImmune-derived human
mAb against IL-4Ra, which inhibits IL-4 and IL-13 signaling.
VelocImmune is technology for producing optimized fully hu-
manized mAbs that utilizes a proprietary mouse platform engi-
neered with a genetically humanized immune system.
Dupilumab is approved for atopic dermatitis, eosinophilic
asthma, and chronic sinusitis with nasal polyposis. In an early
phase 2 study, my colleagues and I were able to show positive re-
sults, with improvement in clinical symptoms and lowering of
esophageal eosinophil levels in patients with EoE treated with
weekly subcutaneous dupilumab compared with placebo.58 These
encouraging data led to a 3-part phase 3 registration trial called
the LIBERTY EoE TREET study (ClinicalTrials.gov identifier
NCT03633617), in which the efficacy and safety of dupilumab
in adolescent and adult patients with EoE were studied in a
randomized, double-blind, parallel-group, multicenter, placebo-
controlled trial. The study included two 24-week treatment
periods that were conducted independently in separate groups
of patients (parts A and B), as well as a third part (part C), during
which patients received weekly or biweekly dupilumab for an
additional 24 weeks. In both parts A and B of the trial, about
60% of the patients who received dupilumab achieved a predeter-
mined level of reduced eosinophils in the esophagus compared
with about 5% of the patients who received placebo. Patients in
both parts A and B who received dupilumab also experienced
clinically significant improvement in symptoms (as measured
by the Dysphagia SymptomQuestionnaire instrument). Similarly,
patients in part C demonstrated sustained improvements during
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the additional 24 weeks. All primary and secondary end points,
except for symptom improvement requiring weekly dosing,
were improved with weekly and biweekly dosing.59,60 This strong
data set, demonstrating that dupilumab reduced esophageal
eosinophilia, improved clinical symptoms, decreased endoscopic
findings, and reversed key biomarkers (including elevated serum
eotaxin-3 levels and the EoE transcriptome), led to victorious
FDA approval of dupilumab as the first drug for EoE. Touchingly,
the FDA approval occurred at the end of the National Eosinophil
Awareness Week on May 20, 2022.
CONCLUDING REMARKS AND FUTURE STUDIES
The long and exciting scientific journey that led to the first FDA

approval of a drug for EoE is summarized in Fig 4. This truly im-
pactful advance started with immunology research nearly 40
years ago, which waswell before EoEwas even known to be a dis-
ease entity.61,62 Too often research is deemed valuable, especially
by funding agencies, solely on the basis of its translational poten-
tial, but one of the lessons learned from the described journey is
that basic research is important in its own right. My pursuit in un-
derstanding the pathogenesis of EoE and using this information to
develop effective therapies was not a straightforward path; rather,
it involved overturning conventional wisdom, drawing attention
to a rare disease that was not previously appreciated, pursuing
preclinical sciences (eg, murine modeling), learning and applying
new technologies (eg, genomics and computational informatics),
taking risky bold steps before many others were interested in part-
nerships, engaging in dialog with the FDA, and importantly,
developing key partnerships with industry, diverse scientists,
and patients, especially through PAGs. This was not a sole ven-
ture; instead, it was completely dependent on working together
with outstanding and committed investigators at many institu-
tions, especially clinical scientists skilled at developing necessary
outcome-assessing tools.

Transforming esophageal eosinophilia from a disease process
thought to be a simple secondary response to acid reflux into a
bona fide separate food allergy disease mediated by type 2 immu-
nity (Fig 5) and having its own diagnostic code and criteria
involved steps that were sometimes quick but too often slow
(Fig 4). The journey assembled substantial coordinated efforts be-
tween diverse stakeholders, including scientists, clinicians, pa-
tients, PAGs, funding organizations (eg, the National Institutes
of Health), industry partners, and regulatory authorities (eg, the
FDA). Although the approval of dupilumab for EoE is a signifi-
cant victory, there are still major outstanding unanswered ques-
tions concerning its use, including proper dosage, durability,
long-term safety, predictions of responsiveness and resistance,
and its impact on dietary restrictions and natural history. Further-
more, determining its efficacy and safety in young children with
EoE is an active area of focus (ClinicalTrials.gov identifier
NCT04394351), especially in view of the frequent early-onset
form of the disease.63 The FDA approval of EoE is a success
for collaborative science, the National Institutes of Health,
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patients, rare diseases, and the involved pharmaceutical com-
panies. The journey encountered and the obstacles overcome pro-
vide a now quickened pathway forward for new drug approvals
for EoE and other rare diseases.
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